The potential for water infiltration is a geotechnical hazard in underground mining environments. The electrical conductivity contrast between dry and wet salt make it possible to explore for water infiltrated areas in underground salt mines using electrical resistivity imaging. We present a case history on the application of 3D ERI in an underground potash mine in Saskatchewan, Canada to delineate a water inflow to guide mitigation efforts.
INTRODUCTION
We describe the application of 3D electrical resistivity imaging (ERI) in an underground potash mine located in Saskatchewan, Canada. The active mine level is located 1 kilometer below the surface. The sources of water are aquifer layers overlaying the salt formation. The goals of the geophysical survey are to delineate regions of wet salt for exploration and monitoring purposes, and to detect void spaces.
The Middle Devonian Prairie Evaporite is a sedimentary formation underlying most of southern Saskatchewan, Canada and extends as far west as Alberta. The evaporite consists mostly of halite, interbedded shales and anhydrite, and contains economic amounts of potash in its upper portion. Near the town of Esterhazy in Southeastern Saskatchewan, the Prairie Evaporite is roughly 200 meters thick with the economic ore zone situated at a depth of roughly 964 meters below the surface. The ore is mined using a long room and pillar technique with underground access provided by two shafts near the town of Esterhazy. The Prairie Evaporite is directly overlain by a sequence of water-bearing shale, limestone and dolomite formations. The first of these layers directly above the evaporite is a dolomitic shale referred to as the Second Red Bed. The economic potash zone is being extracted at a level 20 meters from the top of the Prairie Evaporite. This layer of salt provides an impermeable barrier separating the mine workings from the overlying aquifers.
Although the geology of the evaporite is generally fairly uniform laterally, changes in the depositional environment can result in small local irregularities. Salt can also be removed at the base of the Prairie Evaporite, resulting in slumping and viscous flow which can create large structural deformations . Both of these can lead to the presence of aquifers or structurally weak zones in the path of mining operations and can creates the potential for water entering the mine level. As ore is extracted, the overburden stress is redistributed and the salt undergoes a slow plastic deformation referred to as "creep". This deformation can lead to fracturing of the evaporite which can provide pathways for water in the overlying aquifers into the mine workings.
Of interest to mine personnel is the thickness and condition of the salt layer between the mining level and the Second Red Bed, the location of cracks, voids and irregularities in the evaporite formation. Seismic refraction and GPR techniques have been previously used to estimate the salt thickness and condition of the evaporite. However, the ever present acoustic noise generated by mining equipment makes seismic methods difficult unless the mine is in a shutdown period. GPR has proved to be an effective way to image variations in the vicinity of the mine drifts, but it is unable to penetrate far into the formation when water or wet salt is present. The large contrast in electrical resistivity between dry salt (100-100,000 Ω·m) and wet salt (0.001-10 Ω·m) make the delineation of dry versus wet salt possible with electrical methods.
STUDY AREA
The study area is located at the mine level within the Prairie Evaporite, and is shown in Figure 1 . The area has previously experienced a water inflow, and mitigation efforts have been undertaken. However mine personnel are interested in ascertaining whether the water entering the evaporate formation in the area is descending down from the Second Red Bed, and if so the location of descent, or if the water is traveling horizontally through the evaporite prior to arriving in the area. The main drifts in the area are between 3 to 10 meters wide and usually 3 to 4 meters high. Raises are small vertical excavations going from the mine level upwards into overlying shale/limestone and are usually 1 or 2 meters wide. There were 6 raises in this area, each rising to a height of roughly 20 meters and into the Second Red Bed. At the top of each raise is a horizontal drift referred to as a sub-drift. These sub-drifts are generally smaller than the main mining drifts and are usually 2-3 meters wide and 2-3 meters tall. These drifts, raises and sub-drifts represent the geometry available for the placement of electrodes for the ERI survey. Mine infrastructure in the area includes large ventilation fans, water pumps, electrical power transformation stations, pipes and electrical cabling. Mine infrastructure is often draped along the sides of the drifts and can interfere with the placement of electrodes. The infrastructure running along the drifts has the potential to electrically short-circuit the entire area rendering electrical resistivity surveys useless. However the salt mining environment is very corrosive and subsequently all the metal has oxidized enough that it is sufficiently insulated from the salt formation.
SURVEY DESIGN
Underground mining environments provide a challenging scenario for performing geophysical surveys. For surface surveys, the unknown volume of interest is exclusively limited to the region below the ground, 3D ERI in an underground potash mine and often one entire side of this volume is available for the placement of sensors. These sensors can be deployed with good spatial coverage to make measurements which can provide good resolution of the unknown volume. In the underground scenario, the location of sensors is limited to the workings of the mine or those placed within boreholes. The unknown volume now completely surrounds the sensors and there are severe limitations on the locations available for sensor placement. This can result in a highly under-determined inverse problem when we attempt to recover a 3 dimensional conductivity model. Because the geology of the area is essentially flat lying it is possible to greatly reduce the number of unknowns by using a 2D interpretation method. However the tortuous nature of the drifts shown in Figure 1 along with the presence of the raises and sub-drifts dictate that a 3D interpretation method must be used in order to incorporate all available geometries for the placement of electrodes. Even with using all available accesses, there is still limited spatial apertures from which to collect data.
Our goal is to design the geophysical survey such that it is capable of both detecting and resolving targets of interest if they are present in the area in a cost effective and timely manner. This must be carried out within the severe access restrictions provided by an underground mine and also the presence of noisy mine infrastructure. There exist several methods for optimizing the resolving power of geophysical surveys. For linear geophysical inverse problems, an optimal survey configuration can be generated based by selecting the survey configuration that yields the optimal set of singular values of the forward operator matrix . For non-linear inverse problems, such as the DC resistivity problem, there have been some proposed methodologies. For example, identified the set of optimal quadrapoles to be measured in a 32 electrode 2D DC resistivity experiment by iteratively adding the quadrapole containing the most independent information to the survey. The increased computational effort required for the 3D modeling, the large model domain and the large number of electrode positions presented in this survey area make the application of this technique prohibitive.
To start the survey design process used in this study, a synthetic inverse modelling exercise was undertaken. Using the geometry and electrode positions shown in Figure 1 , a synthetic model containing the drift geometry and a synthetic conductive target was developed. Based on input from mine personnel, a synthetic conductivity model representing a possible water conduit in the evaporite layer was generated. Data corresponding to a standard dipole-dipole survey were modeled, corrupted with synthetic noise, and inverted. The resulting conductivity model did not resemble the true model. Instead it consisted of large radially symmetric structures centered on the data locations. This demonstrated that applying a standard resistivity array with limited geometry was able to detect the presence of the conductor, but unable to resolve it spatially.
To improve the resolving power of the survey we incorporated 3D transmitter geometry by using current injection electrodes in raises, drifts and sub-drifts. Each pole was placed in a different raise or drift such that the current flow would straddle the large area with no available geometry in the center of the survey area. For each current dipole, the potential was measured in all the remaining drifts and raises allowing us to sample as much of the generated potential field as possible. To test the efficacy of this method, synthetic inverse modelling was done using this type of array configuration. The resulting inverse model resulted in a dramatic improvement over the use of a dipoledipole survey geometry.
RESULTS
Electrical measurements were collected using an Iris Syscal resistivity meter with 96 electrodes. Stainless steel electrodes were drilled into the salt formation in either the back of the mine, or along the drift walls near the back, where the "back" refers to the ceiling of the mine drifts. Electrodes spacings was 3 meters between electrodes in the main drifts on the mining level, and 6 meter spacing in the subdrifts atop the raises. In the raises electrodes were placed along the vertical walls with separations of between 4 and 5 meters. A total of 207 different electrode locations were populated during the survey and required several configurations of the 96 electrode system to make use of all available geometry.
Data processing
An active underground mine presents a difficult environment to collect high quality electrical resistivity measurements. Noise sources include mining equipment, pumps, power stations, infrastructure mounted along the walls and active drilling and blasting. An additional difficulty inherent with this type of data geometry is that there is no obvious way of presenting the data. In a 2D survey, a pseudo-section can be created which encapsulates the spatial relationship between the data and which can also be used to visually gauge the coherency of the data. The 3D acquisition geometry here does not lend itself to the creation of pseudo-sections. Thus, common ways of identifying bad data, such as the presence of diagonal stripes in pseudo-sections could not be employed.
Figure 2: Data corresponding to apparent resistivity values greater than 1×10 5 Ω·m and self-potential measurements greater than 750 mV were found to be situated near mine infrastructure.
We resorted to statistical means to identify poor electrodes. The wholespace apparent resistivity was calculated for each measurement. It was found that very few measurements corresponded to apparent resistibility of greater than 1×10 5 Ω·m. Additionally, the recorded selfpotential on the data usually varied between 0 to 400 mV, with several measurements containing self-potentials of greater than 800 mV. The four quadrapoles involved in the measurement of data exhibiting very high apparent resistivities and self-potentials were tracked. It was found that in almost all cases, the measurement involved one or more electrodes located very close to mine infrastructure. Figure 2 shows the mine infrastructure locations and the location of electrodes corresponding to apparent resistivities greater than 1×10 5 Ω·mand selfpotentials greater than 750 mV. The strong correlation between these high measurements and the location of fans, pumps and the power station indicate that these measurements are due to electrical disturbances and not a signal from the formation. Additional processing of the data was done to remove measurements corresponding to a very small injected current, below 10 mA and also measurements in which the ratio of the measured potential difference to the self potential was very small.
Inverse modeling
The 3D forward and inverse modeling was computed using the DCIP3D 3D ERI in an underground potash mine developed by the UBC-GIF . For the forward problem the DC resistivity equations are solved using finite volume techniques and the inversion is performed with a Gauss-Newton method. The inverse modeling code has been parallelized using the MPI library which allows large inverse problems to be solved in a reasonable amount of time.
The final mesh discretization for inverse model contains 405,224 cells (74 3 ) with the smallest cells being 2.5 meters in length. Out of the 26,688 quadrapole measurements collected, 19,416 were inverted. Current was injected using 454 different transmitter dipoles. These data include measurements made in all six raises available in the area and in the sub-drifts situated above the mine level. A planview resistivity section of the recovered model is shown in Figure 3 . This section is taken at an elevation of 10 meters above the back of the mine level. Regions of high conductivity are shown in blue, and correspond to water saturated salt or brine. The model shows a region of relatively high resistivity in the conductive anomaly, circled in red. This corresponds to a known void at the end of the sub-drift in that area, and matches the elevation and approximate size of the void. Additionally, the pattern of resistive and conductive portions of a model section taken at the mine level matches the observed conditions in the mine tunnel in terms of wet and dry areas present in the mine drifts.
The recovered resistivity model, displayed as an iso-surface of constant resistivity is shown in Figure 4 , with the surface corresponding to resistivities of 1 Ω·m. This presentation shows the 3D geometry of the conductive feature corresponding to regions of wet salt or brine. The resulting conductivity image indicates that the water inflow is entering the evaporite formation from the overlying shale.
The assigned standard deviations to the observations were calculated as 20% of the amplitude plus a floor of 0.1 mV. After 17 iterations the achieved misfit was 2.66×10 5 which corresponded to a chi-factor of 13.6. The achieved misfit is substantially higher than the target. This is testament to the high level of noise in the underground mining environment. However, the inverse model matches observed conditions Figure 4 : Constant resistivity iso-surface of the recovered model using a cut-off of 1 Ω·m. The highest point of the iso-surface is located 38 meters above the back of the mine.
at the mine level and correctly predicts the presence of a large void. We take these to be indicators that although the data misfit is high, the inversion result is robust.
CONCLUSION
The often complex, yet limited, distribution of drifts in an underground mine poses a difficulty for designing a geophysical survey which has the ability to both detect and resolve resistivity variations in 3D. There is often very little geometry available for deploying electrodes and the available geometry is deficient. Applying standard suites of resistivity arrays has proven to be insufficient for resolving 3D models in these environments and a more involved survey design process is required. We have employed 3D ERI survey techniques in a challenging underground mining environment. The resulting resistivity models show the distribution of conductive wet salt in the area, and a known void was successfully imaged. The distribution of the recovered conductivity model indicate that water is entering the area through a breech into the Second Red Bed and overlying water bearing strata. This information will help to guide mitigation efforts to seal the water inflow.
